ABSTRACT | Huntington's disease (HD) is a rare, inherited, progressive, and fatal neurological disorder resulting from expanded polyglutamine repeats in the huntingtin protein. While HD is predominately characterized as a disease of the central nervous system, mortality surveys and epidemiological studies reveal heart disease as one of the leading causes of death in HD patients. Emerging evidence supports a link between HD and cardiovascular disease, such as cardiac amyloidosis (accumulation of aggregates in the heart). Experimental animal and clinical studies have attempted to explain the mechanisms of HD-induced cardiac pathology in the association of protein misfolding, autophagic defects, oxidative stress, mitochondrial dysfunction, and cell death. HD is increasingly understood as a complex disease with peripheral components of cardiac and skeletal muscle pathophysiology. While the discovery of these linkages and apparent pathological markers is promising, the mechanism of HD-induced cardiac pathology and the nature of its cell autonomy remain elusive. Further study of the wide-ranging cardiac function in HD patients is needed. This review highlights published literature on the pathological factors associated with HD-induced cardiac amyloidosis and other cardiovascular diseases, and addresses gaps in this expanding area of study. Through comprehensive experimental and clinical studies, potential drugs can be tested to attenuate and/or ameliorate HD-induced cardiac pathology and mortality.
INTRODUCTION
A breakthrough in Huntington's disease (HD) etiology came in 1971 when researchers determined its genetic basis via mutations in the huntingtin (HTT) gene. The pathological mechanisms of these genetic mutations remain elusive, and as a result, no sufficient disease modifying treatments are currently available [1, 2] . While we know that HD is a progressive and fatal neurological disorder that causes the breakdown of nerve cells in the brain, researchers are still exploring the pathology as attributed to the expanded polyglutamine (PolyQ) repeats in the HTT protein leading to HTT misfolding and the formation of pathogenic aggregates in neuronal tissue [3, 4] . Normally, the CAG (glutamine) segment is repeated 10 to 35 times within the gene. In HD patients, the CAG segment is repeated on average 36 to 120 times [5] . The precise function of HTT will be informative of the disease course, but remains unclear. However, HTT is known to be associated with cytoskeletal anchoring or transport of mitochondria as well as in vesicle trafficking [3, 6] . The mutant-induced expansion of PolyQ segment has been shown to lead to the production of an abnormally long version of the HTT protein. The elongated protein cannot fold properly or might be cut into smaller, toxic fragments that bind together and accumulate in neurons, which disrupts the normal functions of these cells. This dysfunction and the eventual death of neurons in certain areas of the brain underlie the signs and symptoms of HD. In addition, mutated HTT also interferes with several cellular processes, including disruption of mitochondrial function and glucose metabolism [7] [8] [9] .
Despite significant progress in understanding the basic mechanisms of HD's pathology, currently, effective therapies are limited [10, 11] . It is thus essential to look at HD's role beyond the brain and consider it as a multi-system disorder [10, 11] , which may lead to improved therapeutic strategies for this progressive and fatal neurological disease.
PERIPHERAL PATHOLOGY ASSOCIATED WITH HUNTINGTON'S DISEASE
HTT is ubiquitously expressed in human tissues and is involved in many critical cellular processes, suggesting its pivotal roles in and outside of the central nervous system (CNS) (i.e., the peripheral tissues) [3, [6] [7] [8] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Besides the characteristic HD neurological symptoms, weight loss [21, 22, 23 , 24] and altered glucose homeostasis [25, 26] have been reported in HD pathology. Additional alterations in HD patients include subcellular abnormalities in fibroblasts, circadian dysfunction [27] [28] [29] [30] [31] , lymphocytes [32, 33] , and erythrocytes [9] . Growing evidence now suggests that cells from cardiac and muscle tissues of HD patients bear aberrations related to the expression of mutant HTT [11, [14] [15] [16] [17] [18] [19] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . Besides the cardiac abnormalities (described below), skeletal muscle dysfunction is very common in HD patients and leads to severe muscle wasting [11, 19] . For example, measurement of lower limb strength in 20 HD patients was on average about half of that in healthy matched controls [11, 19, 20] . Muscle strength scores of HD patients correlate with their motor impairment; yet, it is unclear whether skeletal muscle dysfunction observed is an expression of mutant HTT in the skeletal muscle or a nonautonomous effect [20] . In addition, HD patients exhibit compromised limb strength and mitochondrial dysfunction at the ultrastructural level [44] , suggesting altered energetic metabolism in skeletal muscle [11, 19] . It has been suggested that intense physical exercise might reveal subclinical HDrelated myopathy [11, 19, 20] . Skeletal muscle abnormalities have also been observed in transgenic R6/2 HD mouse models [11, [13] [14] [15] [16] [17] [18] [19] . The mutant mice demonstrated skeletal muscle atrophy throughout lifespan, with muscle fibers shrinking to half the size of that of age-matched controls by 16 weeks of age in both type I and type II fibers [1, 17, 18, 45, 46] . Other studies have shown that expression of mutant HTT leads to intracellular aggregate for-ROS mation in peripheral tissues and gene expression changes in HD peripheral tissues sections [10, 47] . Other abnormalities such as endocrine dysfunction, blood tissue abnormalities, and cell death in peripheral tissues have also been reported in both HD patients and animal models [11, [14] [15] [16] [17] [18] [19] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] .
Despite all of the evidence from studying mutant phenotypes, it is still an open question as to whether HD-related peripheral abnormalities are secondary events independent of neuronal abnormalities, or partially caused by an intrinsic function of HTT in these tissues. Use of genetic models can address these questions by systematically analyzing the tissue-specific expression of mutant HD.
HUNTINGTON'S DISEASE-INDUCED CARDIAC ABNORMALITIES
In addition to peripheral pathologies, HD patients exhibit a high rate of cardiac events, with heart failure being the second leading cause of death among HD patients (accounting for 20-30% of HD deaths) [13, 43, [48] [49] [50] [51] . Epidemiological studies have suggested a link between HD and cardiac dysfunction, including cardiac amyloidosis, a group of disorders characterized by protein misfolding and the accumulation of aggregates in the heart [13, 48, 50] . It is well known that HTT is also expressed in the heart; however, until recently, it was unclear whether cardiac pathology in HD patients is primarily due to expression of mutant HTT in the cardiomyocytes, to the brain dysfunction, or to the CNS malfunctions [34, 35, 37, 39, 43] .
Most studies postulated that cardiac dysfunction is a result of the autonomic nervous system dysfunction in HD patients [34, 35, 37, 39, 43] . To demonstrate the role of mutant PolyQ repeats in the genesis of cardiac dysfunction, we generated a model for cardiac amyloidosis caused by expanded PolyQ repeats in HTT using the genetically tractable Drosophila melanogaster (commonly known as fruit fly) system [36, 40] . Heart-specific expression of mutant PolyQ resulted in functional and morphological defects, including floppy, non-contractile ostia, and one or more non-contractile myocardial cells. Expression of mutant PolyQ in the myocardial cells also resulted in PolyQ length-dependent cardiac defects, and hearts with longer PolyQ (PolyQ-72 and PolyQ-102) resulted in recurrent asystolic periods and nearcomplete lack of cardiac contractility [36, 40] . Our results also established that mutant PolyQ interferes with sarcomeric organization of contractile proteins (possibly due to accumulation of aggregates in the cardiomyocytes), causes increased oxidative stress, and leads to mitochondrial and autophagic defects, all of which eventually result in the destruction of cardiomyocytes. We concluded that there is a direct correlation between the levels of amyloid accumulation, reactive oxygen species (ROS) production, and the severity of cardiac dysfunction. In addition to severe cardiac defects, cardiac-specific expression of the mutant PolyQ proteins significantly impacted lifespan of flies. With our cardiac-specific expression, mutant Htt-PolyQ protein was expressed only in the heart; therefore, it is unlikely that our observations reflect a neuronal contribution to these cardiac defects.
Consistent with our findings in Drosophila, cardiac-specific expression of pre-amyloid oligomers (expended PolyQ without HTT) in mice has been shown to lead to cardiac defects [38] . Furthermore, expression of mutant PolyQ-81 in rat neonatal cardiomyocytes resulted in PolyQ-positive aggregates in the cytoplasm and overexpression of a chaperone αB-crystallin reduced PolyQ-induced aggresomes [52, 53] . These results suggest that the increased risk of cardiac disease in HD patients is possibly due to cardiac amyloid accumulation along with other factors such as mitochondrial defects and oxidative stress. Additional studies have also reported the cardiac phenotype in mouse models of HD; however, most did not observe aggregates in cardiomyocytes [34, 35, 37-39, 42, 43] . Results showed that neuronal expression of mutant HTT protein with expanded PolyQ in mice leads to cardiac defects due to alteration of several pathways including oxidative stress, mitochondrial defects, and cell death [34, 35, 37-39, 42, 43] .
Since HTT is expressed in cardiac muscle, and PolyQ aggregates have been reported in non-CNS tissues [13, 40] , it is postulated that cardiac expression of mutant PolyQ leads to pathogenic HTT aggregate formation in cardiac tissue and subsequent heart dysfunction. It is critical to further study protein aggregates in the cardiomyocytes of HD patients, especially those with heart disease symptoms. Demarcating how accumulation of aggregates might be toxic to cells will be key to understanding PolyQinduced cardiomyopathy and neuropathy.
ROS

HUNTINGTON'S DISEASE-INDUCED CARDIAC AMYLOIDOSIS AND PROTEIN MISFOLDING
Several studies have shown that mutant Htt-PolyQ associated with neuropathy is prone to misfolding and aggregation [54] [55] [56] , and is known to interfere with several cellular pathways, including the unfolded protein response (UPR) and the oxidative stress response [57, 58] . However, there are limited studies demonstrating this correlation of mutant PolyQinduced cardiomyopathy [36, 38, 40, 53, 59, 60] . Recent evidence for amyloid deposition in cardiovascular disease (cardiac amyloidosis) has garnered strong interest [36, 38, 40, 61] . Of the identified amyloid precursor proteins, 19 heterogeneous proteins are prone to misfolding and are involved in cardiac amyloidosis leading to cardiomyopathy [36, 38, 40] . Infiltration of the heart from amyloid deposition often results in restrictive cardiomyopathy (RCM) or dilated-cardiomyopathy (DCM). While several proteins have been shown to be associated with cardiac amyloidosis, the precise mechanism that leads to this disease is poorly understood. We hypothesize that many proteins rely on the cellular folding milieu and that expression of toxic amyloids in the heart due to oxidative stress or global misfolding disrupts the global balance of protein folding and induces cardiac defects. To support our hypothesis, we recently established the link of cardiac amyloidosis with expression of aggregation-prone mutant PolyQ [36, 40] . Similar to methods used for studying HDinduced neuropathy and skeletal myopathy, we used aggregation-prone exon-1 HTT fragments to explore the mechanisms of HD-induced cardiac amyloidosis [11, 62] .
Cardiac-specific expression of aggregation-prone exon-1 HTT fragment with enhanced-green fluorescent protein (GFP)-tagged mutant HTT fragments (Q46, Q72, and Q103) resulted in cardiac dilation, contractile defects, and cardiac arrhythmias in a PolyQ length-dependent manner [36, 40] , suggesting that primary defects due to PolyQ expansion repeats are cardiac cell autonomous. Interestingly, we found that expression of pathogenic PolyQ repeats with GFP-tagged resulted in aggregation in the form of GFP-positive puncta in cardiomyocytes, whereas in a non-pathogenic control PolyQ-25 was distributed in the heart without forming aggregates. Based upon our structural and functional evidence, we concluded that accumulation of aggregation-prone mutant PolyQ is sufficient to cause cardiac dysfunction. Our study did not provide direct evidence on whether these aggregates are amyloid aggregates; however, our data are supported by mouse models for mutant PolyQ which resulted in the formation of aggregates that were immunoreactive for anti-amyloid in the heart [53, 60] . Additionally, previous studies have shown that expression of a polyglutamine (without HTT protein fragments), a preamyloid oligomer in cardiomyocytes, causes heart failure and shortened lifespan [38, 59] . These studies of cardiac-restricted expression of aggregate-prone mutant PQ83 demonstrated higher content of autophagosomes and lysosomes, as well as markers of necrotic death, including inflammatory cell infiltration and increased sarcolemmal permeability in cardiomyocytes [38, 59] . In addition, mutant PolyQ amyloid formation has been observed in a murine model for desminrelated cardiomyopathy (mutant alphaB crystallin R120G) [53, 60] . Overall, these studies are important in understanding the mechanism(s) by which intracellular amyloids cause cardiomyocyte dysfunction/death. We predict that amyloid deposits accumulate in cardiac tissue of HD patients and contribute to cardiomyopathy. Novel therapeutic strategies targeting reduction of protein aggregation may prove useful in clinical settings.
To further understand the mechanisms of mutant HTT-induced cardiomyopathy, we have explored the pathogenic signaling pathways associated with amyloid-induced cardiomyopathy. Accumulation of mutant PolyQ is known to interfere with the protein folding machinery in neurons, and it is suggested that PolyQ has the same effect in the heart [3, 4] . The roles of several molecular chaperones, including heat shock protein (Hsp)-70, Hsp-40, and Hsp-110, have been shown to modulate HD phenotypes in neurons [5, 55, 56] . These chaperones reduce toxicity by facilitating the folding of aggregation-prone mutant HTT and by reducing protein aggregation. Mutant PolyQ may also interfere with proteins required to maintain sarcomeric protein folding and thereby lead to misfolding of contractile proteins. Although mutant PolyQ was shown to lead to cardiomyocyte death in mouse hearts [39, 42] , it was previously unknown whether PolyQ directly targets accumulation of key contractile proteins, e.g., myosin and actin. We have shown that a majority of PolyQ mutant hearts contain non-contractile regions, possibly due ROS to cell death or lack of contractile proteins [40] . Since the proper folding of such proteins is essential for cardiac function, we sought to determine whether the presence of non-contractile regions in the hearts of PolyQ mutant flies could be attributed to a lack of accumulation of contractile proteins [36, 40] . We reasoned that overexpression of chaperone UNC-45 (required for myosin folding), which may enhance proper protein folding, might improve cardiac function in hearts compromised by disease-causing PolyQ expression.
Further study is needed to determine whether mutant PolyQ leads to muscle degeneration by directly interacting with these contractile proteins or by interfering with the unfolded protein response, which is necessary to maintain endoplasmic reticulum (ER) homeostasis and contractile protein turnover [63] . We have shown that transgenic overexpression of UNC-45 significantly suppressed mutant PolyQ-72 induced cardiac dilation and amyloid aggregates, and improved contractility and rhythmicity [40] . We also showed that GFP-tagged HTT protein aggregates direct myosin accusation in the heart [36, 40] , signifying that pathogenic aggregate formation is associated with decreased cardiac function in PolyQ mutant hearts by directly interfering with the contractile apparatus.
Although overexpression of UNC-45 in PolyQ mutant hearts restored the integrity of actincontaining myofibrils as well, it is unclear if the loss of actin-containing myofibrils due to mutant PolyQ is caused by decreased accumulation of myosin, or if PolyQ aggregates interfere with the accumulation of other contractile proteins such as actin. Alternatively, mutant PolyQ-induced pathogenic aggregates may inhibit the unfolded protein response by directly interfering with chaperone activity. As shown for amyloid-induced desmin related cardiomyopathy (associated with mutant alphaB crystallin R120G), expression of this mutant in the cardiomyocytes caused defective chaperone activity and misfolding of contractile proteins [38, 59, 60] . Co-expression of both mutant alphaB crystallin and mutant PolyQ resulted in the accumulation of amyloid-positive aggregate in cardiomyocytes and myocyte degeneration [59] , suggesting a possible link between protein misfolding and cardiomyocyte death. Collectively, these findings suggest that protein misfolding may play a role in mediating PolyQ-induced cardiomyopathy and cardiac amyloidosis.
HUNTINGTON'S DISEASE-INDUCED MITOCHONDRIAL DYSFUNCTION AND OXIDATIVE STRESS
Strong evidence of a connection between misfolded and/or aggregated proteins with mitochondrial damage and/or oxidative stress in neurological disorders has been reported [64, 65] . Several studies support the linkage of mitochondrial dysfunction and oxidative stress associated with mutant PolyQ-induced neuropathy. This relationship included decreased expression of electron transport chain proteins that have been linked to the presence of misfolded PolyQ aggregates in neurons of HD patients [17, 44, 64, [66] [67] [68] [69] [70] [71] [72] [73] . The association of mitochondrial dysfunction and oxidative stress with mutant Poly-Q-induced cardiac diseases has been studied extensively [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . The consensus is that a majority of ROS generation is due to leakage of electrons from the electron transport chain of mitochondria [74] . Mutant Ploy-Qinduced oxidative damage is more relevant to cardiac tissue because mitochondria occupy greater than 25% of cardiomyocyte volume to provide sufficient energy for lifetime contractility [75] . Thus, the damage of cardiomyocytes, which are heavily dependent on mitochondrial function (mitochondrial function itself is also vulnerable to oxidative stress with mutant Poly-Q), results in cardiomyopathy.
Mihm et al. first demonstrated a direct relationship between mutant PolyQ-induced cardiac dysfunction and oxidative stress in the R6/2 HD mouse model [39] . The authors demonstrated that expression of the mutant HTT protein leads to intra-cardiomyocyte distribution of mutant HTT and, thus, the roles of mitochondrial and oxidative stress in the development of progressive cardiac dysfunction [39] . Furthermore, enhancement of nuclear and mitochondrial PolyQ presence in the cardiomyocytes as well as the severe alterations in mitochondrial morphology were also discussed. Additional mechanistic studies showed significant enhancement in lysine acetylation and protein nitration associated with weakening in cardiac performance [39] . Several subsequent studies have demonstrated mutant PolyQ-mediated cardiac dysfunction linked to mitochondrial defects and ROS production [34] [35] [36] [37] [40] [41] [42] [43] . Additionally, using magnetic resonance imaging of the beating mouse heart, progressive cardiac defects have also been reported in the mouse models of mutant-Htt [35] . Using the Langendorff preparation, the authors ROS demonstrated reduced coronary blood flow, impaired myocardial contractility, and reduced left ventricular developed pressure in HD mouse hearts [35] . More recent studies have also demonstrated the association of mutant PolyQ-induced cardiac dysfunction in a mouse model involving key components of Fasdependent apoptosis (TNF-alpha, TNFR1, Fas ligand, Fas death receptors, FADD, activated caspase-8, and activated caspase-3) and the key components of mitochondria-dependent apoptosis (Bax, Bax-to-Bcl-2 ratio, cytosolic cytochrome c, activated caspase-9, and activated caspase-3) [34] . Their findings indicate that cardiac Fas-dependent and mitochondriadependent apoptotic pathways were activated in transgenic mice with HD [34] .
Overall, research supports previous epidemiological findings of increased risk of cardiac disease in HD patients. Still, very little is known about the mechanisms of cardiomyocyte dysfunction and mitochondrial involvement in mutant PolyQ-induced cardiomyopathy. Prior to our study, no attempt had been made to suppress PolyQ-induced cardiac defects, a crucial step toward understanding the mechanistic basis of HD disease progression and amelioration [40] . Our genetic Drosophila model of mutant PolyQ in conjunction with physiological, cytological and ultrastructural approaches, demonstrated the linkage of PolyQ-induced cardiomyopathy with oxidative stress, mitochondrial dysfunction, unfolded protein response, and imbalance of proteostasis [36, 40] . We have also shown that treatment with oxidants aggravated mutant PolyQ-46-induced cardiac defects by enhancing oxidative stress and increasing amyloid aggregate density. Using an ultrastructural (electron micrographic) approach, we demonstrated that cardiac restricted expression of mutant PolyQ led to severe mitochondrial cristae fragmentation. Furthermore, using dihydroethidium (DHE) staining we found excess ROS production upon expression of mutant PolyQ and co-localization of some of the DHE staining with PolyQ aggregates, suggesting a causal relationship. We were able to suppress amyloid-induced aggregates as well as the severity of the PolyQ72-induced cardiac defects by overexpression of superoxide dismutase (SOD) or by feeding the antioxidant resveratrol [36, 40] . Several neuronal studies had previously shown that expression of mutant polyQ affects SOD levels [76, 77] . Furthermore, manipulation of SOD was associated with levels of oxidative stress in several neurodegenerative diseases [76, 77] . SOD overexpression has also been shown to reduce diabetic cardiomyopathy and neurodegeneration by ROS [78] .
Mitochondrial organization is meticulously controlled by the cardiomyocyte and therefore depends on the proper function and organization of contractile proteins [52] . The vulnerability of mitochondria to oxidative stress was shown in a mouse model for oxidative stress-related dilated cardiomyopathy by genetic ablation of the mitochondrial form of superoxide dismutase, SOD2 (MnSOD), which resulted in an abnormal "ballooning" of mitochondria in electron micrographs of dendrites and decreased lifespan [79] . Cardiac-specific expression of mutant αB-crystallin also resulted in the accumulation of amyloid-containing protein aggregates in cardiomyocytes in a cell-autonomous manner, leading to enhanced oxidative stress [52, 60, 80] . Decreasing superoxide production in αB-crystallin mutants by pharmacologically inhibiting the activity of the superoxidegenerating xanthine oxidase restored mitochondrial function and membrane potential, suggesting a link between mitochondrial dysfunction and oxidative stress due to cardiac amyloidosis [80] . Thus, enhanced oxidative stress and mitochondrial dysfunction leading to heart failure may have a common mechanism among cardiac amyloidosis-based disorders. Additional studies are required to determine whether myofibrils degeneration/disorganization is due to aggregation of mutant PolyQ directly inhibiting mitochondrial organization, and/or whether oxidative stress produced by PolyQ leads to mitochondrial dysfunction.
HUNTINGTON'S DISEASE-INDUCED CARDIAC DISEASE AND CELL DEATH
In addition to protein misfolding, mitochondrial defects, and oxidative stress, cell death is one of the major events reported in neuronal and peripheral pathologies associated with mutant huntingtin in HD [6, 8, 30, 46, [81] [82] [83] [84] [85] [86] . A recent study reported the association between mutant HTT and cell death pathways, particularly evident in cardiac tissue [34] . Activation of cardiac Fas-dependent apoptotic pathway in the heart of R6/2 HD mice was reported [34] . These authors demonstrated that key components of Fas-dependent apoptosis, such as TNF-alpha, Fas ligand, Fas death receptors, FADD, activated caspa-ROS se-8, and activated caspase-3, were found activated in the HD model compared to age-associated control mice [34] . In addition to activation of the Fasdependent autophagy pathway, their findings demonstrated activation of the key components associated with mitochondria-dependent apoptosis (Bax, Baxto-Bcl-2 ratio, cytosolic cytochrome c, activated caspase-9, and activated caspase-3) in HD mice compared to wild-type mice [34] . This study concluded that an activation of both Fas-dependent and mitochondria-dependent apoptotic pathways might be accountable for abnormal myocardial architecture, enlarged cardiac interstitial spaces, and more cardiac TUNEL-positive cells in the HD mice [34] . Of note, this study included mice at 10.5 weeks of age, the stage at which symptoms of neurological disorders are observed. The authors sought to demonstrate whether apoptotic pathways are activated in the cardiac tissue due to the presence of neurological disorder in these HD mice [34] . However, this study did not directly address whether the activation of Fasdependent and mitochondria-dependent apoptotic pathways is primary and due to expression of mutant HTT in the heart, or secondary and due to their neuronal expression.
Additional findings do support the association of apoptotic pathways with mutant HD-induced cardiac abnormalities [10, 37, 38, 87] . For example, Pattison et al. [38] reported cell death upon cardiac expression of PQ83 amyloid in the cardiomyocytes and not due to apoptosis, mitochondrial swelling, or ER stress. Further assessment revealed that the PQ83 amyloid-induced cell death in the cardiomyocytes is due to cell autophagy and necrosis [38] . Recently, the R6/2 transgenic and HdhQ150 knock-in mouse models of HD revealed that cardiac dysfunction is due to apoptotic loss of cardiomyocytes, and, to some extent, interstitial fibrosis [87] . However, the authors were unable to detect any aggregates and HD-specific transcriptional dysregulation in the cardiomyocytes in this mutant Htt mouse. The authors concluded that HD-related cardiomyopathy is caused by altered central autonomic pathways; however, the process, by which this autonomic signaling results in cardiac dysfunction, is not fully understood [87] . Additionally, a new cardiovascular phenotype of HD was recently reported using the bacterial artificial chromosome Huntington disease (BACHD) mouse model [37] . Besides the appearance of fibrotic lesions, markers of apoptosis were observed in the cardiomyocytes using gene expression analysis of the young mutant heart. Additional alteration of genes associated with cellular metabolism and proliferation were also reported in BACHD mouse heart [37] . Alteration of genes associated with cardiac disease, cellular metabolism, and cellular transport clusters was more drastic in the BACHD upon aging, indicating an age-dependent progression in heart dysfunction and gene alteration.
Our study did not directly perform apoptotic assay upon cardiac-specific expression of mutant HTT; however, we have shown the presence of noncontractile myocardial cells [36, 40] . Due to the accumulation of aggregates in cardiomyocytes, we observed a complete lack or disorganization of myofibrils, and increased oxidative stress which led to mitochondrial and autophagic defects and eventually resulted in the destruction of cardiomyocytes [36, 40] . Overall, these findings show that mutant PolyQ-induced myocardial cell death plays a role in cardiac pathogenesis. Additional studies will determine whether cell death occurs through defects in energy generation or by activation of apoptotic pathways.
HUNTINGTON'S DISEASE-INDUCED CARDIAC DISORDERS AFFECT MULTIPLE CELLULAR PATHWAYS
It is clear from multiple studies that the underlying mechanism of cardiac dysfunction in HD is complex and affects several pathogenic pathways (Figure 1) , and, more importantly, that further study of their roles in HD is needed, including protein unfolding, oxidative stress, mitochondrial, autophagy, cell death, and transcriptional dysregulation. For example, Mihm et al. [39] did not find evidence of apoptotic cell death in the cardiac model of HD mice; however, they reported metabolic dysregulation along with mitochondrial defects. Mielcarek et al. [87] was unable to find mutant HTT-induced aggregates or a HD-specific transcriptional dysregulation in the hearts of R6/2 mice, but the authors demonstrated that the toxicity caused upon expression of mutant HTT in the cardiomyocytes might be a significant factor for contributing to cardiac dysfunction. Other studies have shown that expression of mutant huntingtin proteins in the heart resulted in the accumulation of aggregates in the cardiomyocytes; these ROS aggregates are one of the main hallmarks of HD pathology [1, 36, 38, 40] .
With multiple epidemiological and animal model data, there is solid evidence that mutant HTT leads to cardiac dysfunction and involves several pathways. We have demonstrated that several pathways such as protein unfolding, oxidative stress, mitochondrial dysfunction, and autophagy in mutant HD-induced pathology [36, 40] . Further, using the powerful genetic model Drosophila we manipulated both the oxidative stress and protein misfolding pathways to ameliorate PolyQ-induced cardiac amyloidosis and phenotypes [40] . Our physiological and cytological evidence revealed that manipulation of protein misfolding or oxidative stress alone does not completely ameliorate mutant PolyQ-induced cardiac dysfunction [10] . Subsequent studies demonstrated that manipulation of oxidative stresses in combination with the protein misfolding defects nearly completely ameliorated mutant PolyQ-induced cardiac dysfunction in vivo compared to either single manipulation alone. Based upon our genetic suppression of mutant GFP + PolyQ aggregates in mutant PolyQ-72 hearts with combined treatment, which correlates with improvement of cardiac function, we concluded the involvement of more than one pathway in mutant HD-induced cardiac pathology. We also demonstrated that mutant PolyQ-induced mitochondrial and myofibrillar degeneration can be suppressed with combined overexpression of UNC-45 and SOD (manipulation of protein misfolding and oxidative stress), as discussed above. Combined manipulation may also suppress mutant HD-induced cell death or autophagic defects, possibly by improving proteostasis pathways. As shown with in vitro findings [88] , overexpression of SOD in conjunction with chaperones Hsp-70/Hsp-40 suppresses PolyQ aggregation in mouse neurons cell model, suggesting that targeting both cellular pathways is efficacious in HD pathogenesis in multiple tissue types.
In general, expression of the mutated HTT protein or expression of pre-amyloid oligomers cause cardiac defects by affecting several pathways including cell death, necrosis, oxidative stress, mitochondrial defects, presence of protein aggregates, and increased autophagosomal content [10, 37, 38, 39, 53, 87] . The involvement of oxidative stress and protein unfolding pathways play a role in PolyQ-induced cardiac pathogenesis, and targeting additional pathways and mechanistic basis of these pathways will be a relevant approach to ameliorate mutant HDbased cardiomyopathy.
FUTURE DIRECTIONS AND THERAPEUTIC STRATEGY
Mounting evidence indicates the significance of the cardiac phenotype in HD patients. Questions remain in understanding the mechanistic basis of HDinduced cardiomyopathy that will help in the design of therapies to treat the disease. A full emphasis of all the molecular players involved will require additional study (Figure 1) . Recent studies aim to identify some of the key players and interactions in vivo in HD-induced cardiac pathology. With HD's significant peripheral components, therapeutic approaches should not be limited to neuropathy; we should also seek to understand the cross-talk between the cardiac system and CNS, and the skeletal muscle and the CNS.
One of the controversies regarding HD-induced cardiomyopathy in particular is whether cardiac abnormalities are CNS-dependent or -independent. Some researchers believe that the cardiac physiological dysfunction in HD animal models occurs much later than CNS dysfunction, and thus heart dysfunction could be secondary to CNS malformation [34, 37, 39, 43] . However, strong evidence suggests that cardiac-specific expression of mutant HTT leads to the accumulation of aggregates and results in cardiac failure without neuronal involvement [34, 37, 39, 43] . This logical approach is promising to understand the mechanisms of pathophysiology as HTT is expressed strongly in the peripheral tissues including cardiac tissue [7, 11, 13, 89] . Furthermore, aggregation of the toxic HTT is a hallmark of HD pathology, and potentially similar pathology may occur in cardiomyocyte destruction as reported in mouse and fly models [40, 59, 61] . Some have proposed that mutant PolyQ forms aggregates in the heart, causing mitochondrial abnormalities associated with enhanced ROS production [39, 40] . Regardless of the detection of aggregates in the cardiomyocytes or not, most studies of the cardiac model showed mitochondrial dysfunction in HD-induced cardiac pathology [34, 39, 40] . We and others hypothesize that since mitochondria occupy a large portion of cardiomyocyte volume to provide sufficient energy for contractility [75, 90] , myofibrillar degeneration and disorganiza-ROS tion in PolyQ mutant hearts may occur due to defective ATP generation by dysfunctional mitochondria or enhanced ER stress. Alternatively, mitochondrial dysfunction may trigger the activation of apoptotic pathways, causing cell death in PolyQ mutant hearts. A role for ROS in inducing cardiac dysfunction has also been suggested; it is unknown if accumulation of PolyQ aggregates generates ROS by interfering with mitochondrial function directly, and/or if mitochondrial damage is a result of ROS generation due to PolyQ aggregation [91] . The exact mechanisms regulating mitochondrial damage in association with ROS will be deciphered in future studies.
The limited number of studies performed in HD human subjects creates a challenge in drawing conclusions regarding HD-related heart dysfunction in humans. For example, although dense granular deposits-immunoreactive to an anti-HTT antibodyhave been found in muscle tissue from HD patients, no such study has been performed on HD heart biopsy samples [92] . First, we need to address the granular deposits of accumulation amyloid that have been observed in cardiomyocyte. We also need to use proteomics and/or transcriptomics approaches to obtain unbiased results of cardiac abnormalities associated with HD pathology. Further, we need to generate more precise mutant (including full-length HTT with PolyQ) by manipulating endogenous HTT gene using CRISPR/CAS-9 approaches. Outcomes from these studies will elucidate the molecular players associated with the accumulation of PolyQ-induced cardiomyopathy.
To develop more effective therapeutic interventions for HD, a better understanding of the mechanistic basis and pathological pathways of cardiac disorders is required. Once the association of molecular players is well understood (Figure 1) , we can use the small molecules screening approach to ameliorate HD pathology as well as HD-induced cardiac pathology. Our focus using small molecules should be in suppressing aggregates-induced pathology, mitochondrial dysfunction, oxidative stress, and cell death. Additional genes/pathways obtained from manipulation of the CRISPR/CAS-9 approach can also be studied. Delineating how amyloid might be toxic to cells will be critical not only for an understanding of PolyQ-induced cardiomyopathy, but also for insights into amyloid-based neural degeneration. 
